By transcriptome analysis, we identified PBAN and CAPA precursors in the moths Spodoptera littoralis and Heliothis peltigera which are among the most damaging pests of agriculture in tropical and subtropical Africa as well as in Mediterranean countries. A combination of mass spectrometry and immunocytochemistry was used to identify mature peptides processed from these precursors and to reveal their spatial distribution in the CNS. We found that the sites of expression of pban genes, the structure of PBAN precursors and the processed neuropeptides are very similar in noctuid moths. The sequence of the diapause hormone (DH; tryptopyrokinin following the signal peptide), however, contains two N-terminal amino acids more than expected from comparison with already published sequences of related species. Capa genes of S. littoralis and H. peltigera encode, in addition to periviscerokinins, a tryptopyrokinin showing sequence similarity with DH, which is the tryptopyrokinin of the pban gene. CAPA peptides, which were not known from any noctuid moth so far, are produced in cells of abdominal ganglia. The shape of the release sites of these hormones in H. peltigera represents an exceptionally derived trait state and does not resemble the well-structured abdominal perisympathetic organs which are known from many other insects. Instead, axons of CAPA cells extensively ramify within the ventral diaphragm. The novel information regarding the sequences of all mature peptides derived from pban and capa genes of H. peltigera and S. littoralis now enables a detailed analysis of the bioactivity and species-specificity of the native peptides, especially those from the hitherto unknown capa genes, and to explore their interactions with PBAN/ DH receptors.
Introduction
Neuropeptides are endogenous messenger molecules with a crucial role in controlling and modulating physiological functions of multicellular organisms. Following expression of a neuropeptide gene, translated precursor molecules are subsequently processed and posttranslationally modified in the endoplasmic reticulum and the Golgi apparatus. Thereby a single precursor often yields several mature neuropeptides (multiple copy peptides = paracopies) which potentially activate identical receptors or might also target different receptors. In insects, the latter scenario is rare but confirmed e.g. for products of the capa-gene [1, 2] . The capa genes of insects share a common evolutionary history with the pk/pban (pyrokinin/pheromone biosynthesis activating neuropeptide) gene; the predicted duplication of an ancestor gene possibly occurred in a subgroup of arthropods prior to the emergence of insects from this lineage [3] . It can be expected, that in most insects different peptides of pk/pban potentially also activate two receptor types; PK/PBAN receptors (PK 2 receptors in Drosophila [4] ) and a receptor which recognizes tryptoPKs (PK 1 receptor in Drosophila; [2] ). TryptoPKs (WFGPRLamides; for designation see [5] ) are originally encoded on capa as well as pk/pban genes.
In moths, which contain a number of very harmful pest insects in agriculture, one of the most studied neuropeptide families is the PK/ PBAN family, hereafter named just PBAN when referring to moth species [6] [7] [8] [9] . The first sequenced representative of this family, leucopyrokinin, was described as myostimulatory peptide from the cockroach Rhyparobia (syn. Leucophaea) maderae [10] . Few years later, a further peptide with C-terminal FXPRLamide was described as PBAN from the corn earworm Helicoverpa zea, referring to the stimulation of pheromone biosynthesis in adult moth females [11] . Subsequent accumulation of genome and transcriptome data from insects has disclosed that genes named hugin (Drosophila melanogaster, [12] ), pban (Lepidoptera), and pyrokinin (remaining insects) are homologous and the respective mature products therefore evolved from common ancestor sequences. The PBAN precursor of moths contains, in addition to PBAN, three FXPR/KLamide paracopies which are, for historical reasons, named α-, β-and γ-SGNPs (subesophageal ganglion neuropeptides). The designation SGNP refers to the major expression site of pban which are neuroendocrine cells of the subesophageal ganglion (SEG; [13] [14] [15] ). A major projection of these ventral neurons is into the maxillary nerve and retrocerebral complex which serve as storage and release sites of products derived from the pban gene. The pban gene also encodes a single tryptoPK, which induces egg diapause in Bombyx mori [16] ; and terminates pupal diapause in Heliothis armigera [17] ; it is also known as diapause hormone (DH). The DH is the first peptide in the precursor sequence after the signal peptide [18] . Since the capa gene of insects encodes a sequence-related tryptoPK as plesiomorphic character, it can be hypothesized that the CAPA-tryptoPK and DH of moths activate the same receptor and, hence, share the same biological functions [3] . However, functional assays, testing native CAPA-tryptoPKs in moth species or other lepidopterans, have not been reported so far. As described for pk/pban above, insect's capa gene is also expressed in neuroendocrine cells but this capa expression is mainly restricted to neurons in abdominal ganglia. Processed CAPA-peptides are accumulated and likely also released from abdominal perisympathetic organs (aPSOs [19] ). In addition to the tryptoPK, a second type of receptor ligand is encoded by capa, the periviscerokinins (PVKs). These peptides are known to regulate Malpighian tubule and visceral muscle activity in a number of insects [19, 20] . The functions of these peptides were also not yet tested in moths.
The aim of the present study was to identify species-specific products of pban and capa in the moth species Spodoptera littoralis and Heliothis peltigera. This will enable to study their bioactivity in the respective moth species and compare, for the first time, the activity of the native peptides with those of other species, in order to provide a better insight into the ligand-receptor interactions and help understand the mode of action of the multifunctional and ubiquitous peptides. S. littoralis and H. peltigera are among the most damaging lepidopteran pests of agriculture in tropical and subtropical areas of Africa and Mediterranean countries; the larvae feed on a broad variety of plants. Due to global warming, S. littoralis and H. peltigera are currently spreading northwards and become a serious threat also in other European countries and thus, there is an urgent need for their management. The vital functions mediated by PBAN and CAPA-peptides in these moths render them an important target for the development of novel insect-control strategies based on interference with their activity. Indeed, in the past years several cyclic and linear peptides have been designed and tested for antagonistic PBAN activity in S. littoralis and H. peltigera moth, which resulted in inhibition of key physiological functions [21] [22] [23] . Information about native hormone sequences therefore might support developing taxon-specific peptidomimetics, that target fundamental physiological functions, and thereby controlling the proliferation of these pests without affecting beneficial insects [7, 8, 24] .
Material and methods

Insect species and rearing
S. littoralis and H. peltigera larvae were reared on an artificial diet as described in [9] . Once larvae reached the pupal stage, they were sexed and placed in separate rooms with day/light regime of 10/14 h at 25 ± 2°C and 60-70% relative humidity. Adults were kept in screen cages and fed with 10% sugar solution. Moth populations were refreshed every year with males caught in the field using pheromone traps as described in [9] . All males and females used for our analyses were between two and seven days old.
Transcriptome analysis
RNA extraction
Total RNA was extracted from adults (H. peltigera) and larvae (S. littoralis). Animals were kept at 4°C for half an hour before dissecting the central nervous system (CNS) including brain, SEG, thoracic and abdominal ganglia. CNS samples were preserved in RNAlater solution (QIAGEN GmbH, Hilden, Germany) at 4°C, with a ratio RNAlater:tissue of approximately 100:1. Total RNA was isolated using TRIzol reagent (Invitrogen, Grand Island, NY, USA) following the manufactory instructions at Beijing Genomics Institute (BGI, China). RNA quality parameters were estimated using RNA concentration (ng/μL), RNA integrity number (RIN) and 28S/18S as implement in Agilent 2100 Bioanalyzer.
Library construction and transcriptome sequencing
Libraries were sequenced using the Illumina Truseq RNA Sample Preparation Kit (Illumina, San Diego, USA) at BGI. Briefly, once total RNA was extracted, magnetic beads with Oligo (dT) were used to isolate mRNA and mixed with buffer for fragmenting mRNA into short fragments. The cDNA was synthesized using these mRNA fragments as templates. First-strand cDNA was generated using random hexamerprimed reverse transcription, followed by second-strand cDNA synthesis and subsequently double stranded cDNA was purified and resolved using elution buffer for end reparation, and Poly (A) tail addition. Finally, after ligating the Illumina sequencing paired ends (PE) adaptors, products were purified on Tris-acetate-ethylenediamine tetraacetic acid agarose gel and suitable fragments were selected for PCR amplification in order to enrich the purified cDNA template. Quality control of the cDNA library was performed using Agilent 2100 Bioanalyzer. Finally, the resulting cDNA library was sequenced on Illumina HiSeqTM4000 with strategies of 100 bp PE at BGI.
De novo assembly
Raw data were initially filtered by removing adapters, reads with more than 5% of unknown bases and reads with low quality sequences (reads having more than 20% bases with quality value lower or equal to 10). Subsequently transcripts were de novo assembled using Trinity [25, 26] ; and Bridger [27] with default options.
Blast search
Pban and capa transcripts were searched using amino acid sequences as query for tBLASTn on a local computer as implement in BLAST+ [28] . Identified sequences were translated into proteins using ExPASy translate tool (Artimo et al., 2012; http://web.expasy.org/translate/). Signal peptides were predicted using the SignalP 4.1 server ( [29] , www. cbs.dtu.dk/services/SignalP/). Cleavage sites were manually assigned based on known PBAN and CAPA peptides [6, 8, 9, 30] .
Mass spectrometry 2.3.1. Sample preparation for mass spectrometry
For direct tissue profiling by MALDI TOF mass spectrometry, parts of the central nervous system, nerves and neurohemal organs from larvae and adults were dissected in insect saline solution with the following composition: 7.50 g/l NaCl, 0.20 g/l KCl, 0.20 g/l CaCl 2, 0.10 g/ l, NaHCO 3 (pH 7.4). Subsequently, isolated samples were transferred into a drop of purified water on a stainless steel sample plate for MALDI-TOF mass spectrometry.
For Orbitrap mass spectrometry analyses, the CNS was dissected, transferred in a drop of insect saline for removing attached fat body and trachea. The samples were then transferred in 30 μl extraction solution (50% methanol, 49% H 2 O,1% formic acid [FA] ). Tissues and cells were disintegrated using an ultrasonic bath (Transonic 660/H, Elma Schmidbauer GmbH, Hechingen, Germany) for 5 min on ice and an ultrasonic-probe three times for 5 s (BandelinSono HD 200, Bandelin electronic GmBH, Berlin, Germany), respectively. Afterwards the samples were centrifuged for 20 min at 15,000 rpm at 4°C. Finally, methanol was evaporated in a vacuum concentrator. Extracts were stored at −20°C until use.
MALDI-TOF mass spectrometry
Mass fingerprints and MS/MS spectra were acquired using two instruments depending on the type of matrix employed. The UltrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) was mostly used for mass fingerprints and ion fragmentations (LIFT mode) with 2,5-dihydroxybenzoic acid (DHB) as matrix, while the MALDI TOF/TOF ABI 4800 Proteomics Analyzer (Applied Biosystems Framingham, MA) was used for ion fragmentation in gas off mode if α-cyano-4-hydroxycinnamic acid (α-CHCA) was used as matrix. The DHB matrix was prepared by dissolving DHB to a final concentration of 10 mg/ml in 1% aqueous FA containing 20% acetonitrile (ACN) (v/v). The α-CHCA matrix was prepared with 10 mg/ml CHCA diluted in 60% ethanol, 36% ACN, 4% water (stock solution) and dissolved in 50% methanol/water (2:1 50% methanol/CHCA stock solution) and applied to the samples. With the UltrafleXtreme MALDI-TOF/TOF, all measurements were done under manual control in reflectron-positive ion mode. For experiments with DHB, a mixture of bovine insulin, glucagon and ubiquitin was used for external calibration. External calibration for samples with CHCA as matrix was done using proctolin, Drm-sNPF-2 12−19 , Pea-FMRFa-12, Lom-PVK, Pea-SKN, and Glucagon. Spectra were analyzed using flexAnalysis 3.4 software package (Bruker Daltonik) and Data Explorer v. 4.3 (Applied Biosystems).
Orbitrap mass spectrometry
Before injecting the samples into the nanoLC system, extracts were desalted using self-packed Stage Tip C18 Spin columns as described in [31] . Peptides were then separated on an EASY nanoLC II system (Thermo Fisher Scientific, Waltham, MA, USA) using in-house packed RP-C 18 -columns 50 cm (fused Silica tube with ID 50 μm ± 3 μm, OD 150 μm ± 6 μm; Reprosil 1.9 μm, pore diameter 60 Å; Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) and a binary buffer system (A: 0.1% FA; B: 80% ACN, 0.1% FA). Running conditions were as follows: linear gradient from 7 to 23% B in 46 min, 2 min at 54% B and final washing for 6 min at 85% B (45°C, flow rate 250 nl/min). Finally the gradients were re-equilibrated for 10 min at 5% B. The HPLC was coupled with a Q ExactivePlus Hybrid Quadrupol-Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA) mass spectrometer. This mass spectrometer acquired spectra in a data dependent mode with full MS1 acquisition at 70,000 resolution with automatic gain control target (AGC target) at 3e 6 , maximum injection time (maximum IT) at 80 ms and scan range between 400 and 6000 m/z. The 10 most intense peaks were selected for HCD fragmentation and measured in the Orbitrap mass analyzer with a resolution of 35,000, AGC target at 1 e 6 , maximum IT at 120 ms and dynamic exclusion set at 25 s.
Orbitrap data analysis
Raw data were analyzed with MaxQuant (1.5.3.30), which uses the Andromeda search engine. MS/MS spectra were matched against an internal database containing the transcriptome-derived precursor sequences [32, 33] . Default mass tolerance settings were used with a maximum of two missed cleavages, mass tolerance of 4.5 ppm, minimum peptide length of 5 amino acids and a maximum peptide mass of 6000 Da. The False Discovery Rate (FDR) was set at 0.01 for peptide spectrum match. Variable post-translational modifications included in the searches were: oxidation at methionine, acetylation at the N-terminus, amidation of C-terminal glycine, pyroglutamate from glutamine, pyroglutamate from glutamic acid, and disulfide bridges. . These nerves were analyzed by mass spectrometry in subsequent analyses (see Fig. 3 ). AL, antennal lobe; PC, protocerebrum.
Whole mount immunostainings
For immunostainings, the brain/SEG of S. littoralis and the abdomen of adult Manduca sexta, H. peltigera and S. littoralis were dissected with a fine scissor and fixed with microneedles. The gut was removed and the samples were then rinsed with cold insect saline of the composition described above. Subsequently, the samples were fixed with Histofix (Sigma-Aldrich, St. Louis, MO, USA) at 4°C for 12 h. After washing with phosphate-buffered saline (PBS; pH 7.2) containing 1% TritonX-100 (Tx) for 24 h, the samples were incubated for 5 days at 4°C in a polyclonal anti-Pea-PVK-2 serum [34] raised in rabbit at a concentration of 1:4000. The antiserum were diluted in PBS-1% Tx containing 2.5 mg/ ml bovine serum and 10% normal goat serum. Finally, the samples were washed in PBS 1% Tx for 24 h at 4°C. For immunofluorescence labelling, the samples were then incubated with Cy3-coupled goat antirabbit antisera at a concentration of 1:3000 (Jackson ImmunoResearch) for 5 days at 4°C. After washing in PBS-1% Tx for 24 h at 4°C, the samples were embedded in Mowiol (Merck KGaA, Darmstadt, Germany).
Immunostainings were examined with a Stereo Lumar V.12 fluorescence microscope equipped with an AxioCamMRc camera (Carl Zeiss AG, Göttingen, Germany) using a Lumar43 HE Cy3 filter set and a confocal laser scanning microscope (Zeiss LSM 510 Meta system; Jena, Germany), equipped with a C-Apochromat 10x/0.45W and a PlanApochromat 20x/0.75 objective. Cy3 was excited with a Helium-Neon1 laser at 543 nm and emission was collected through a 505 nm LP filter. Serial optical sections were analyzed at optical section thicknesses from 0.3 to 0.8 μm and assembled into combined images using the Zeiss LSM 5 image browser v. 3. All images were exported and processed to adjust brightness and contrast using Adobe Photoshop 7.0 software (San Jose, CA).
Sequence logo generation
Neuropeptide sequences were aligned using ClustalW [35] and manually corrected whenever necessary, i.e. conserved positions or cleavage sites. Logos were generated using WebLogo version 3.5.0 ( [36] ; http://weblogo.threeplusone.com/). Each stack represents an amino acid with the overall height of the letter corresponding to the frequency at that position and the width to the fraction of valid symbols at that position, with thin letters at position with many gaps.
Results
The overall transcriptome sequencing of the CNS of H. peltigera and S. littoralis produced more than 40 million clean reads after quality Fig. 3 . MALDI-TOF mass spectra (mass fingerprints; m/z 800-4000) obtained by direct tissue profiling of maxillary nerves from A) S. littoralis and B) H. peltigera. Products of the pban genes (DH, SGNPs, PBAN, PP/precursor peptides) belong to the most abundant peptides in these nerves. Depending on the distance to the retrocerebral complex, other peptide hormones are detectable as well; e.g. myosuppressin (MS) and corazonin (Cor). Fragments confirm the two amino acid substitutions which were predicted from transcriptome data of these species. control filtering, which were subsequently assembled into more than 60 K and 43 K contigs using Trinity and Bridger assemblers, respectively. The Bridger assembly produced less contigs than Trinity. The quality of the assembly, however, was higher in Bridger according to standard metrics (Table 1) . A local Blast search was performed within the two assemblies using as query S. littoralis PBAN precursor (AAK84160.1) and M. sexta CAPA precursor (AAT69684.1). Resulting precursor sequences including predicted signal peptides, cleavage sites, putative mature peptides, and further precursor peptides are shown in Fig. 1 .
Immunostainings of brain/SEG with a PVK antiserum, which recognizes PRV/PRLamides [34] , confirmed that the site of pban expression in adults of S. littoralis is, as expected, in neurosecretory cells of the SEG that have projections into the maxillary nerves (Fig. 2) . In addition, immunoreactivity was observed in several brain cells; e.g. in a cluster of ventro-lateral antennal lobe interneurons and in a single cell located in the lateral protocerebrum (Fig. 2) . The peptides responsible for these immunostainings in the brain were not determined. A distinctive feature of pban neurons in the SEG is the size of their somata which occupy the ventral midline (> 50 μm). We used preparations of the maxillary nerves for direct tissue profiling experiments in order to verify the presence of the predicted peptides from PBAN precursors of H. peltigera and S. littoralis. As shown in Fig. 3 , products of pban represent the most prominent ion signals in mass spectra from maxillary nerve preparations. This abundance allowed a clear assignment of the major products of pban, which include DH, PBAN, and the three predicted SGNPs. Mass fingerprints indicated a sequence of DH which has two N-terminal amino acids more than expected from [6] . Using the same preparations, the identity of PBAN peptides could be confirmed by subsequent MSMS fragment analyses (see Fig. 4 ). In addition, these peptides, remaining precursor peptides, and also several intermediate products of precursor processing were successfully identified in subsequent Orbitrap analyses (not shown). All major products of pban could also be identified in larvae of both species.
CAPA peptides are typical of the abdominal ganglia of insects and are usually stored in aPSOs located at the junction of the median nerves/transverse nerves [19] . The development of such abdominal PSOs containing CAPA peptides was already described for Lepidoptera such as M. sexta [37] . However, dissections of median nerves/transverse nerves from H. peltigera did not yield mass spectra with sufficient quantities of CAPA peptides. Therefore we performed anti-PVK immunostainings to identify the location of CAPA peptide release sites along the abdominal ventral nerve cord of H. peltigera. Surprisingly, immunostainings revealed that the axons of median neurosecretory capa cells (NS-M 4 cells according to [38] ) from abdominal ganglia of H. peltigera do not project into the median nerve (see Fig. 5A for M. sexta) but project into dorsal segmental nerves and then ramify via link nerves in the vicinity of the ganglia along the ventral diaphragm (Fig. 5B,C) . Immunostainings in S. littoralis demonstrated a pattern intermediate between M. sexta and H. peltigera (Fig. 5D,E) . Subsequent direct tissue profiling of the respective nerves from S. littoralis and H. peltigera yielded mass spectra with ion intensities sufficient to confirm the predicted CAPA-peptides, including PVKs and tryptoPKs (Fig. 6) . The sequences of putative bioactive CAPA-peptides, remaining precursor Fig. 6 . MALDI-TOF mass spectra (m/z 600-1500) obtained by direct tissue profiling of nerves containing axons of capa-neurons, the location of these nerves has been revealed by immunostainings (see Fig. 5 ). Ion signals mass-identical with predicted CAPA-peptides are labelled. Note that PVK-2 with N-terminal pyroglutamate (pQ) is sequence-identical with the first identified CAPA-peptide of Lepidoptera, CAP 2b in M. sexta [42] . A) S. littoralis, B) H. peltigera.
Table 2
Mature neuropeptides from pban and capa of H. peltigera and S. littoralis as confirmed by mass spectrometry. Note that the sequence of PVK-2 (pQ) is identical with M. sexta CAP 2b [42] which was later renamed CAPA-1 [40] . Standard numbering of paracopies according to the position in the precursor is added for pban products to facilitate comparison with homologous peptides in other insects. DH, diapause hormone; SGNP, subesophageal ganglion neuropeptide; PBAN, pheromone biosynthesis-activating neuropeptide; PVK, periviscerokinin; PK, pyrokinin. peptides, and also several intermediate products of precursor processing were successfully verified in subsequent Orbitrap mass spectrometry analyses (not shown). All major products of capa could also be identified in larvae of both species. Information about the most abundant mature products from the PBAN and CAPA precursors of H. peltigera and S. littoralis can easily be extracted from MALDI TOF mass fingerprints and is summarized in Table 2 .
Discussion
In the last decade the field of insect neuropeptidomics has made considerable progress mostly due to great improvements in mass spectrometry instrumentation and massive parallel sequencing efforts. In our study, we used these improvements to reveal sequences of mature neuropeptides from pban and capa genes of two pest insects, the moths H. peltigera and S. littoralis. In a first step, complete precursor sequences were identified in transcriptome assemblies that based on RNA extraction of CNS tissue from single specimens. The general structure of the two novel PBAN precursor sequences is very similar to those of related noctuids and consists of a signal peptide which is followed by DH, a precursor peptide, α-SGNP, β-SGNP, PBAN, γ-SGNP, and a C-terminal precursor peptide (Fig. 1) . Predictable cleavage sites which link these peptides in the precursor sequence are also identical in all noctuids. A potential additional cleavage site (Arg-Arg) within the PBAN sequence is known from the precursor of Heliothis virescens [39] , but no data exist if this cleavage site is actually used. The closely related H. peltigera precursor, which was analyzed in this study, does not contain that dibasic cleavage site. Although sequences of peptides in PBAN precursors can differ considerably, number and order of peptides are nearly identical in other Lepidoptera. Species such as Antherea pernyi, M. sexta, Samia ricini, and Omphisa fuscidentalis, however, show a potential cleavage site within β-SGNP and for M. sexta it was confirmed already that this cleavage site is efficiently used [15] . The CAPA precursors of H. peltigera and S. littoralis, which are the first identified C-APA-precursors in noctuids, also show a considerable similarity in number and order of peptides with known precursors from other lepidopteran species such as M. sexta and B. mori [40] [41] [42] . Particularly remarkable is the complete sequence identity of the two PVKs in these not closely related taxa. Such a strong sequence conservation is not known from other insect lineages [19, 43] . Other peptide sequences in CAPA-precursors of Lepidoptera are highly divergent.
As supported by immunostainings, cellular origin and release sites of products from pban are in accordance with data already published for Lepidoptera [14, 44] and other insect lineages (e.g. Drosophila, [12, 45] ; locusts, [46] ; cockroaches, [47] ). Pban-neurons were located ventromedially in the three neuromeres of the SEG and mainly project via the maxillary nerve (homologous to the NCA-2 in locusts and cockroaches) into the periphery, including the retrocerebral complex. Regarding the location of somata, this conservation within the neuroendocrine system of insects was also found for capa-neurons. As typical of holometabolous insects in general, two capa-cells in abdominal ganglia process CAPA peptides; in Lepidoptera these neurons are known as NS-M 4 neurons [38] . Very different, particularly in H. peltigera, is the development of the CAPA-release sites, which initially caused some confusion in our peptidomic analyses. In this species, the otherwise welldeveloped median nerve/transverse nerve system does not contain the axons of capa-neurons as it is known from aPSOs of e.g. M. sexta and most other insects [19] . Instead, the axons leave the ganglia via roots of segmental nerves and then extensively ramify within the ventral diaphragm. Axonal projection of capa-neurons in adult S. littoralis somewhat meets halfway the development of aPSOs in adult M. sexta and the derived condition in adult H. peltigera. A distinct ramification of capaaxons in the ventral diaphragm was earlier reported from cockroaches where CAPA-PVKs exhibit potent myostimulatory effects on the hyperneural muscle which is the reduced ventral diaphragm of cockroaches [48] . This direct activation of muscles within the ventral diaphragm is enhancing the distribution of the released CAPA-peptides in the hemolymph [49] . No data about possible myostimulatory effects of CAPA-peptides in the ventral diaphragm of Lepidoptera exist but the CAPA-immunostainings point to the fact, that this scenario should be tested.
Our mass spectrometry-based identification of the processed products of pban and capa genes from H. peltigera and S. littoralis confirmed the predicted peptides and also the remaining precursor peptides in Fig. 7 . Sequence logos showing positions with sequence substitutions in ß-SGNP, PBAN and DH of Noctuidae. Data from following species were used: Spodoptera littoralis (Q95P48, this study), Spodoptera litura (A0A0N7DI91), Spodoptera exigua (Q6RKA1), Spodoptera frugiperda, H. peltigera (this study), Heliothis virescens (Q86QQ2), Agrotis ipsilon (O76818), Helicoverpa armigera (Q8MZU7), Helicoverpa zea (P11159), Helicoverpa assulta (O18641), Chlumetia transversa (A0A0A7F176). most cases. Although truncated peptides have been regularly detected in our mass spectra, ion intensities of these substances were always lower than those of the mature peptides. A comparison of the published sequences of noctuid DH [6] with those of H. peltigera and S. littoralis revealed two additional amino acids at the N-terminus of the DHs identified here. Likely, the prediction of signal peptides in precursor sequences of the remaining PBAN precursors of noctuids was not correct; this issue could easily be solved by a peptidomic approach as shown here. The CAPA and PBAN-peptides of Noctuidae show a high degree of sequence identity. In the species analyzed so far, only the sequences of DH, PBAN, β-SGNP and CAPA-tryptoPK have amino acid substitutions at several positions. As shown in Fig. 7 and Table 2 , these substitutions do not affect the active core sequence.
The novel information regarding the sequences of all mature peptides derived from pban and capa genes of H. peltigera and S. littoralis enables a detailed analysis of the bioactivity of the native peptides, especially those derived from the hitherto unknown capa genes, and to explore their interactions with PBAN receptors. In the past decade, a number of PBAN receptors has been cloned and their interaction with PBAN peptides has been evaluated [3] . In most of the cases, however, the peptides used were not based on the native sequences of the specific insect but rather on sequences of closely related species. Since we have cloned H. peltigera and S. littoralis PBAN receptors, expressed these receptors in Spodoptera frugiperda (Sf9) cells and examined already their response to different PBAN peptides by Ca 2+ flux assays [3, 5] , we can now compare the bioactivity of native peptides versus sequences from related species. Such information may not only extend our understanding of the mode of action of these peptides but will also improve our knowledge about residues that play a crucial role in ligand docking and receptor activation. This information can also be used for the design of insect control agents aimed at disrupting essential PBAN functions in S. littoralis and H. peltigera; without affecting beneficial species.
